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Introduction to the chapter

Although the pathophysiological mechanisms of brain dysfunction are not 
clear, several hypotheses have been made. Among others based on information 
from other metabolic disorders such as phenylketonuria, we hypothesize 
that changes in blood amino acid concentrations aff ect brain biochemistry 
en consequently brain function. Therefore, neurocognitive and behavioral 
data of Tyrosinemia type 1 (TT1) patients have been correlated to plasma 
phenylalanine and tyrosine concentrations in chapter 3. However, since it is 
likely that plasma amino acid concentrations do not refl ect brain biochemistry 
adequately, information on brain amino acid and neurotransmitter 
concentrations is warranted. In this chapter, brain biochemistry is analysed in 
several ways. First, as a theoretical approach, brain amino acid concentrations 
are estimated, based on plasma amino acid concentrations and using the 
previously investigated characteristics of the L-type amino acid transporter. 
Secondly, “real” brain amino acid and neurotransmitter concentrations are 
analysed in TT1 mice and correlated to the cognitive-behavioral outcome of 
the mice. 
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Abstract
Introduction: Hereditary Tyrosinemia type 1 (TT1) is a rare metabolic disease 
caused by a defect in the tyrosine degradation pathway. Current treatment 
consists of 2-(2-nitro-4-trifluoromethylbenoyl)-1,3-cyclohexanedione (NTBC) 
and a tyrosine and phenylalanine restricted diet. Recently, neuropsychological 
deficits have been seen in TT1 patients. These deficits are possibly associated 
with low blood phenylalanine concentrations and/or high blood tyrosine 
concentrations. Therefore, the aim of the present study was threefold. Firstly, 
we aimed to calculate how the plasma amino acid profile in TT1 patients may 
influence the presumptive brain influx of all large neutral amino acids (LNAA). 
Secondly, we aimed to investigate the effect of phenylalanine supplementation 
on presumptive brain phenylalanine and tyrosine influx. Thirdly, we aimed to 
theoretically determine minimal target plasma phenylalanine concentrations 
in TT1 patient to ensure adequate presumptive brain phenylalanine influx.

Methods: Data of plasma LNAA concentrations were obtained. In total, 
239 samples of 9 TT1 children, treated with NTBC, diet, and partly with 
phenylalanine supplementation were collected together with 596 samples 
of independent control children. Presumptive brain influx of all LNAA was 
calculated, using Michaelis-Menten parameters (Km) and Vmax-values 
obtained from earlier articles. 

Results: In TT1 patients, plasma concentrations and presumptive brain 
influx of tyrosine were higher. However, plasma and especially brain influx 
of phenylalanine was lower in TT1 patients. Phenylalanine supplementation 
did not only tend to increase plasma phenylalanine concentrations, but also 
presumptive brain phenylalanine influx, despite increased plasma tyrosine 
concentrations. However, to ensure sufficient brain phenylalanine influx in 
TT1 patients, minimal plasma phenylalanine concentrations may need to be 
higher than considered thus far.

Conclusion: This study clearly suggests a role for disturbed brain LNAA 
biochemistry, which is not well reflected by plasma LNAA concentrations. 
This could play a role in the pathophysiology of the neuropsychological 
impairments in TT1 patients and may have therapeutic implications. 



Introduction
Hereditary Tyrosinemia type 1 (TT1; McKusick 276700) is an inborn error of 
metabolism caused by a deficiency in the catabolic pathway of tyrosine. Due to 
a genetic defect in the enzyme fumarylacetoacetate hydrolase (FAH), several 
toxic products accumulate, causing liver failure, renal tubulopathy, rickets, 
cardiomyopathy, porphyria like syndrome, and hepatocellular carcinoma1. 
Since 1992, TT1 patients are treated with 2-(2-nitro-4-trifluoromethylbenoyl)-
1,3-cyclohexanedione (NTBC)2. NTBC inhibits tyrosine catabolism upstream 
from the primary enzymatic defect (at the level of 4-OH-phenylpyruvate 
dioxygenase), preventing the formation of the toxic products, and thereby 
substantially improving clinical outcome3. NTBC treatment strongly increases 
plasma tyrosine concentrations, necessitating dietary restriction of tyrosine 
and its precursor phenylalanine1,4. Such combined treatment of NTBC and diet 
may still result in high plasma tyrosine concentrations, while phenylalanine 
concentrations are often low5-8. While previous studies have shown the 
possible importance of phenylalanine supplementation in TT1 patients, the 
minimum plasma phenylalanine target level remains to be established5,8.

In the past few years, neurocognitive impairments have been observed in 
TT1 patients6,9-13. The pathophysiological mechanisms underlying these 
neurocognitive impairments are not fully understood. The metabolic 
derangement in TT1 with high plasma tyrosine and low phenylalanine 
concentrations is supposed to play a central role. However, the resulting 
transport of these amino acids across the blood-brain barrier (BBB) could be 
even more important, as this could directly influence brain amino acid and 
neurotransmitter concentrations8,14.

At the BBB, all large neutral amino acids (LNAA) are primarily transported 
by the so-called L-type amino acid transporter 1 (LAT1) in a competitive 
manner15-17. The transport rate of each individual LNAA is determined by its 
plasma concentration, and the Km-value (the plasma concentration at which 
the transport rate is 50% of its maximum), which differs for each LNAA18,19. 
Under physiological conditions, LAT1 is saturated for >95% by these LNAA19. 
Therefore, high plasma concentrations of a particular LNAA would not only 
increase brain influx of this LNAA but also outcompete brain uptake of the 
other LNAA18-20. 
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The competitive transport mechanism has for example been shown to exist 
in  phenylketonuria (PKU) mice21 and maple syrup urine disease (MSUD) 
mice22. In these mice, Vogel et al. (2014) clearly showed that plasma amino 
acid concentrations in PKU and MSUD mice represent only a partial picture 
of brain amino acid homeostasis. Next to this, therapeutically, the addition 
of a specific amino acid that interferes with the transport of the other 
amino acids at the BBB has shown to improve the outcome in some defects 
of amino acid metabolism such as guanidinoacetate methyltransferase 
deficiency, pyridoxine dependent epilepsy and MSUD23-25. Therefore, taking 
together these theoretical considerations, experimental, and clinical data, the 
competitive transport of amino acids across the BBB shows to be important in 
various inborn errors of amino acid metabolism26.

Therefore, the aim of the present study was threefold. Firstly, we aimed to 
calculate how the plasma amino acid profile as observed in TT1 patients on 
NTBC and dietary treatment may influence the presumptive brain influx of 
all LNAA compared to healthy controls. Secondly, we aimed to investigate the 
effect of phenylalanine supplementation on presumptive brain phenylalanine 
and tyrosine influx in four of these TT1 patients. Thirdly, we aimed to 
theoretically determine minimal plasma phenylalanine concentrations in TT1 
patients to ensure adequate presumptive brain phenylalanine influx. 

Methods

Patients

In total, 239 plasma samples of nine TT1 patients (six males, three females) were 
obtained between 2002 and 2015, from diagnosis or first measurement after 
introduction of NTBC and diet (median: 0.53 years; range: 0.04 – 12.2 years)  
till the current age with a maximum of 18 years (median: 11.5 years; range: 2.8 
- 18.0 years). Six patients were diagnosed primarily suffering from liver failure, 
among others characterized by severe coagulopathy due to decreased synthetic 
liver function. For these patients, data from the first period after diagnosis 
were excluded until coagulopathy had been restored (defined by prothrombin 
time <16 sec and activated partial prothrombin time <35 sec) to avoid samples 
with high methionine concentrations associated with liver failure. Three other 
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patients were diagnosed due to neonatal screening or because of an affected 
sibling. For these patients, only the first measurement after diagnosis was 
excluded for adjustment to the NTBC and dietary treatment, if liver synthesis 
function was still normal. All patients were treated with NTBC (1-2 mg/kg/
day) and a tyrosine and phenylalanine restricted diet in the University Medical 
Center Groningen or Maastricht University Medical Center. Four of these 
patients were treated with phenylalanine supplementation ranging from 10 
to 32 mg/kg/day next to their regular NTBC and dietary treatment. Of all 239 
plasma samples, 73 were obtained during phenylalanine supplementation. 

In total, 596 anonymized amino acid profiles from independent control 
participants (mean: 4.8 years, all younger than 18 years old) were obtained. 
Control participants were patients who underwent analysis of plasma amino 
acid concentrations as part of the diagnostic process in the hospital, but who 
eventually did not have an inborn error of amino acid metabolism. 

All TT1 patients and/or their parents or guardians gave written informed 
consent for retrospective analysis of their data, acknowledging that one patient 
had died and no informed consent was obtained. This study was approved by 
the Medical Ethical Committee of the University Medical Center Groningen.

Biochemical analyses 

Plasma samples of both TT1 patients and control participants had been taken 
in the clinic, not taking into account the timing of plasma sampling and its 
relation to the last meal of the patient or control individuals. In these samples, 
concentrations of LNAA (except for tryptophan) and glutamine had been 
quantified in deproteinized plasma by cation-exchange high-performance 
liquid chromatography followed by post-column ninhydrin derivatization, 
using norleucine as an internal standard, on a Biochrom 20 or 30 analyser 
(Pharmacia Biotech, Cambridge, UK). 

Calculations of presumptive brain amino acid influx

Plasma LNAA concentrations were used to calculate presumptive brain influx 
of individual LNAA. Brain influxes were calculated using classical Michaelis-
Menten parameters (Km) and Vmax-values for each LNAA as reported by 
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Smith et al. 2000, measured with an in situ rat brain perfusion technique19. 
For each LNAA, substrate inhibition (Kapp) was calculated in the presence of 
competing amino acids using previously published equations24. 

In this equation, Km (µM)  is the substrate concentration at which the reaction 
rate is half of the Vmax. Ci is the current plasma concentration of each 
competitive amino acid (µM), and Ki is the Km of these respective inhibiting 
amino acids (µM). The resulting Kapp shows the current inhibitory effect of all 
LNAA together. This value is used to determine the presumptive brain influx 
using the following equation: brain influx = (Vmax)*(C)/(Kapp+C). In this 
equation, brain influx is the presumptive brain uptake of the LNAA (nanomoles 
per minute per gram of brain tissue (nmol/(min*g))), Vmax is the maximum 
transport velocity (nmol/(min*g)), and C is the plasma concentration of the 
amino acid (µM).

In all NTBC and dietary treated TT1 patients, Z-scores for both plasma 
concentrations and presumptive brain influxes of individual LNAA were 
determined. Z-scores were calculated by subtracting the mean value of the 
control participants from the values of the patients, and dividing this difference 
by the standard deviation of the control values. Afterwards mean Z-scores for 
individual patients were calculated.

To assess the effect of phenylalanine supplementation on presumptive brain 
phenylalanine and tyrosine influx, we investigated the four TT1 patients with 
the lowest plasma phenylalanine concentrations who were subsequently 
treated without and with phenylalanine supplementation in addition to the 
regular NTBC and dietary treatment. Plasma phenylalanine and tyrosine 
concentrations, plasma phenylalanine/tyrosine (phe/tyr) ratios, and 
presumptive brain phenylalanine and tyrosine influx in four TT1 patients 
before and during phenylalanine supplementation were calculated.

Thereafter, for all TT1 patients, plasma phenylalanine concentrations that 
would probably result in sufficient brain phenylalanine influx (determined 
as mean, -1, and -2 standard deviation (SD) below the mean values of 
presumptive brain influx in control participants) were calculated, if all 
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LNAA concentrations in the TT1 patients would remain the same. To do so, 
the previously used equation for brain influx was rewritten into: C = (brain 
influx*Kapp)/(Vmax-brain influx). To estimate these minimum target plasma 
phenylalanine concentrations for TT1 patients, the mean brain influx as well 
as the -1 SD and -2 SD of the mean brain influx of control participants were 
used in the equation, together with the previously calculated individual Kapp-
values.

Statistics

The distribution of brain influx of LNAA was compared between TT1 patients 
and controls using multiple Mann Whitney U tests. Considering the fact that 
we have repeated observations within each patient and independent data 
of 596 controls, we used the following testing procedure. To test the null 
hypothesis that the observations of patients and controls originated from equal 
distributions, we repeatedly took one random observation from each patient 
and all observations from the controls. We calculated for each (sub)dataset the 
p-value, using the Mann-Whitney U test. After 1000 tests for each LNAA, we 
evaluated the distributions of p-values. To evaluate the effect of phenylalanine 
supplementation in TT1 patients, means of plasma values and presumptive 
brain influx of phenylalanine and tyrosine before and after supplementation 
were calculated for each patient. Correlational analyses were performed in 
each individual patient to assess whether age was correlated with presumptive 
brain phenylalanine influx in TT1 patients. In control participants, linear 
regression analysis was done after logarithmic transformation to assess 
a possible correlation between age and presumptive brain phenylalanine 
influx. Linear mixed effect models with variance components for random 
effects were used to investigate a possible correlation between presumptive 
brain phenylalanine influx and plasma tyrosine concentrations, plasma 
phenylalanine concentrations, and phe/tyr ratios in TT1 patients without 
receiving phenylalanine supplementation. In all statistical tests, a (mean) 
p-value of <0.05 was considered statistically significant. Analyses were 
conducted with the statistical program SPSS 22 (IBM, Chicago, Illinois). 
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Results
Plasma concentrations and presumptive brain influx of individual LNAA in 
TT1 patients and controls

Plasma LNAA concentrations without phenylalanine supplementation were 
repetitively measured in all patients, ranging from 1 to 40 times. Table 1 
shows mean plasma concentrations of all LNAA (except for tryptophan) and 
glutamine for TT1 patients and control participants calculated from the mean 
concentrations of each TT1 individual. Plasma phenylalanine concentrations 
were significantly lower (in 99% out of 1000 tests p<0.05; mean p=0.00462), 
while plasma tyrosine concentrations were much higher (in 100% out of 
1000 tests p<0.05; mean p<0.001) in TT1 patients compared to control 
participants. Plasma concentrations of all other LNAA were not significantly 
different between TT1 patients and controls.

TT1 Controls Mean P-value
Phenylalanine       27 ±14

33 [16-38]
54 ± 16
50 [43-61]

0.00462

Tyrosine 384 ± 53
382 [337-432]

64 ± 23
60 [49-74]

2.67·10-7

Valine 226 ± 26
230 [208-246]

188 ± 54
181 [155-213]

0.199

Isoleucine 59 ± 8
59 [52-64]

55 ± 22
52 [41-64]

0.494

Leucine 115 ± 18
116 [101-129]

105 ± 39
99 [81-121]

0.454

Methionine 23 ± 6
21 [18-27]

21 ± 9
19 [15-25]

0.401

Histidine 81 ± 11
79 [73-89]

83 ± 22
81 [70-94]

0.572

Threonine 129 ± 37
114 [109-160]

118 ± 62
106 [84-134]

0.427

Glutamine 480 ± 46
488 [446-507]

517 ± 121
513 [451-578]

0.382

Table 1. Plasma amino acid concentrations (µmol/l) in TT1 patients treated with NTBC and 
diet and controls. Data are presented as Mean ± SD and Median with IQR.

Figure 1 shows the mean plasma concentrations and presumptive brain 
influx of the measured LNAA and glutamine in TT1 patients not receiving 
phenylalanine supplementation, expressed as Z-scores of values in control 
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participants. Mean plasma tyrosine concentrations and presumptive brain 
tyrosine influx in TT1 patients were higher than values in control participants 
with Z-scores of 13.8 and 15.2, respectively. In contrast, mean plasma 
phenylalanine concentrations in TT1 patients tended to be slightly lower than 
in controls with a Z-score of -1.6, while mean presumptive brain phenylalanine 
influx was much lower with a Z-score of -4.2. Mean plasma concentrations 
and presumptive brain influxes of other LNAA were all between Z-scores of 
-0.9 and 0.7. 

Figure 1. Mean plasma concentrations and presumptive brain influx of individual LNAA in 
TT1 patients expressed as Z-scores (individual patient means) of values in control participants. 
Dashed lines represent Z-scores of -1 and +1. 

Effect of phenylalanine supplementation on presumptive 
brain phenylalanine and tyrosine influx in TT1 patients

Table 2 shows the biochemical effects of phenylalanine supplementation 
in four TT1 patients. Descriptive analyses show that, on phenylalanine 
supplementation, mean plasma phenylalanine and tyrosine concentrations 
increased in these four patients. The proportional increase of plasma 
phenylalanine concentrations was higher than the increase of plasma 
tyrosine concentrations in 2 patients, resulting in higher phe/tyr ratios in 
these patients. On phenylalanine supplementation, the increase in plasma 
phenylalanine concentrations tended to be accompanied by an increase of 
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the mean presumptive brain influx of phenylalanine in 3 patients. Although 
plasma tyrosine concentrations increased on phenylalanine supplementation 
in all patients, presumptive brain influx of tyrosine only increased in two of 
these patients.

Patient 1 Patient 2 Patient 3 Patient 4
Number of samples 37 20 40 15 6 21 1 17

Phe supplementati-
on (mg/kg/day)

No Yes 
15-20

No Yes 
10-20

No Yes 
11-23

No yes 
15-32

Plasma phenylalani-
ne (µmol/L) 

23 34 23 26 8 16 5 19

Plasma tyrosine 
(µmol/L)

401 491 342 360 336 426 324 396

Plasma phe/tyr ratio 0.065 0.066 0.074 0.073 0.024 0.036 0.015 0.048

Brain phenylalanine 
influx (nmol/(min*g)

4.9 6.2 5.5 5.4 1.9 2.8 1.1 3.9

Brain tyrosine influx 
(nmol/(min*g)

32.8 37.6 31.5 29.7 30.1 29.4 28.7 33.2

Table 2. Results on plasma biochemistry and presumptive brain phenylalanine and tyrosine 
influx in four TT1 patients before and during phenylalanine supplementation, expressed as 
means.

Presumptive minimal target plasma phenylalanine concentra-
tions in TT1 patients

In Figure 2, presumptive brain phenylalanine influx is plotted against age for 
both TT1 patients and controls. Presumptive brain phenylalanine influx in 
TT1 patients was significantly lower than in controls (in 100% out of 1000 
tests p<0.05; mean p<0.001). In individual TT1 patients, no clear effect of 
age on the presumptive brain phenylalanine influx could be seen, although 
age was significantly correlated with presumptive brain phenylalanine influx 
in two (out of nine) patients (r=-0.448; p=0.006 and r=0.562; p=0.001). 
However, the correlation coefficient was opposite in both patients. In control 
participants, age was not significantly correlated with presumptive brain 
phenylalanine influx (p=0.100). 

Linear mixed effect model analyses on presumptive brain phenylalanine 
influx and parameters of plasma amino acid (tyrosine and phenylalanine 

Pathophysiological mechanisms of neuropsychological problems   |   135   

4



concentrations and phe/tyr ratios) biochemistry revealed that presumptive 
brain phenylalanine influx was most strongly correlated with plasma 
phenylalanine concentrations (p<0.001, β=0.167, t=23.57). Correlations 
between presumptive brain phenylalanine influx and plasma tyrosine 
concentrations and plasma phe/tyr ratios were less strong based on Akaike’s 
Information Criteria. 

Figure 2. Presumptive brain influx of phenylalanine of both TT1 patients and controls plotted 
against age. The straight line represents the mean presumptive brain phenylalanine influx 
of controls. The dashed lines represent the -1SD and -2SD of the presumptive brain influx of 
controls.

Given the strong correlations between presumptive brain phenylalanine influx 
and plasma phenylalanine concentrations, minimal plasma phenylalanine 
concentrations were calculated to ensure sufficient presumptive brain 
phenylalanine influx in TT1 patients. Mean presumptive brain phenylalanine 
influx in TT1 patients not receiving phenylalanine supplementation was 
calculated to be 5.5 ± 2.5 nmol/(min*g) and 13.5 ± 1.9 nmol/(min*g) (-1SD: 
11.6; -2SD: 9.7 nmol/(min*g)) in control participants. To reach mean, -1SD, 
or -2SD values of the presumptive brain phenylalanine influx of control 
participants, plasma phenylalanine concentrations in TT1 patients needed to 
be increased from 27 to 84 ± 5, 68 ± 4, and 53 ± 3 µmol/L, respectively, if 
plasma concentrations of all other amino acid concentrations would remain 
the same. 
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Discussion
This study investigated (1) plasma LNAA concentrations and presumptive 
brain influx of individual LNAA in TT1 patients in comparison to control 
participants, (2) the effect of phenylalanine supplementation in TT1 patients 
on plasma LNAA biochemistry as well as on presumptive brain LNAA influx, 
and (3) minimal plasma phenylalanine concentrations necessary to increase 
the presumptive brain phenylalanine influx. The main findings of this study 
are threefold. Firstly, although plasma phenylalanine concentrations were low 
to normal, the presumptive brain influx of phenylalanine was largely impaired 
in TT1 patients compared to control participants. Secondly, phenylalanine 
supplementation tended to improve the presumptive brain phenylalanine 
influx in TT1 patients, having only a small negative effect on plasma tyrosine 
concentrations and presumptive brain tyrosine influx. Thirdly, to ensure 
sufficient brain phenylalanine influx in TT1 patients, minimal plasma 
phenylalanine concentrations may need to be higher than considered thus far.

Before discussing these results in more detail, some methodological issues are 
addressed. With regard to the plasma amino acid measurements, unfortunately, 
plasma tryptophan concentrations could not be studied and therefore possible 
disturbances in presumptive brain tryptophan influx with implications for 
cerebral serotonin metabolism could not be investigated. In addition, the 
timing of blood sampling and fasting status is unfortunately unknown. It is 
known that there is a large variation of plasma phenylalanine concentrations 
in TT1 patients during the day, with low concentrations especially occurring in 
the afternoon5,7. With regard to calculations for presumed brain influx, the Km 
and Vmax-values used in this study have been determined in rats. However, 
although absolute values differ between humans and rats, LNAA transport 
characteristics, as determined in brain microvascular endothelial cells of 
humans, have shown a strong correlation to those in rats27. Thus, we assume 
that inter-species differences are not a major issue. We acknowledge that the 
presumptive brain influx of LNAA, based on LNAA transport characteristics 
and plasma concentrations, do not directly reflect brain LNAA availability. 
However, as lumbar puncture to obtain cerebral spinal fluid is rather invasive 
and brain phenylalanine concentrations could not be measured by normal 
magnetic resonance spectroscopy techniques, this theoretical method is used. 
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In addition, the calculated presumptive brain amino acid influx has already 
been shown useful in the design of arginine-fortified and LNAA-optimized 
amino acid supplements in glutaric aciduria type 1 and MSUD24,28. 

Our results clearly suggest a non-optimal brain LNAA homeostasis in TT1 
patients. With regard to our first research question, except for tyrosine and 
phenylalanine, no strong differences in plasma LNAA concentrations between 
TT1 patients and controls were observed. Plasma tyrosine concentrations 
were largely increased, although still within the recommended range for 
TT1 patients1. Plasma phenylalanine concentrations were decreased as also 
previously reported by various study groups5,7,8. All other LNAA were within the 
normal range. Presumptive brain influx of individual LNAA, however, showed 
a different profile. While presumptive brain tyrosine influx was similarly 
increased in TT1 patients compared to controls as were plasma tyrosine 
concentrations, this was not true for other LNAA, especially phenylalanine. 
Presumptive brain phenylalanine influx in TT1 patients compared to controls 
was much more decreased than could be expected only based on plasma 
phenylalanine values. Moreover, presumptive brain influx of all other LNAA 
was slightly reduced in TT1 patients compared to controls (although mostly 
within the normal range with z-scores around -1), despite normal plasma 
concentrations. Although the clinical significance of this disturbed brain LNAA 
biochemistry requires further investigation, the observed neurocognitive 
impairments in TT1 patients suggest a possible relationship. 

Regarding the second research question, previous studies have shown 
dietary interventions in inborn errors of amino acid metabolism to be very 
effective in increasing brain LNAA concentrations and thereby possibly 
improving the neurocognitive outcome22,25,26. Phenylalanine supplementation 
in TT1 patients has not only been related to increased plasma phenylalanine 
concentrations and disappearance of eczema as a peripheral consequence 
of low plasma phenylalanine concentrations, but has also been suggested 
to be associated with improved brain functioning with better psychomotor 
development and disappearance of cortical myoclonus8. In the present 
study, plasma phenylalanine as well as tyrosine concentrations seem to 
increase after phenylalanine supplementation. Despite higher plasma 
tyrosine concentrations and resulting competition for transport across the 
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BBB, presumptive brain phenylalanine influx was increased, although  it 
should be noticed that values of control participants are never reached. Only 
one patient (patient 2, table 3) seemed not to respond to the phenylalanine 
supplementation. Plasma phenylalanine nor tyrosine concentrations were 
increased in this patient, possibly caused by an amount of supplementation 
that was too low or problems with dietary compliance. 

With regard to the third research question, based on the results of the present 
study, plasma phenylalanine concentrations in TT1 patients would need to be 
increased more than considered thus far to ensure adequate brain phenylalanine 
influx. In previous studies in TT1 patients, hypophenylalaninemia was 
defined by plasma phenylalanine concentrations below 40 µmol/L7 or below 
30 µmol/L8. Based on our study (without the inclusion of tryptophan), 
plasma phenylalanine concentrations need to be increased even further to 
maintain adequate presumptive brain influx of phenylalanine in TT1 patients. 
Unfortunately, this estimated brain influx is based on a theoretical model not 
knowing real brain phenylalanine concentrations in TT1 patients. Thimm et 
al. showed increased tyrosine concentrations and decreased concentrations of 
serotonin metabolites in the cerebral spinal fluid in TT1 patients, but did not 
report on concentrations of other LNAA such as phenylalanine14. However, 
low concentrations of serotonin metabolites could indicate that tryptophan, 
the precursor of serotonin, is outcompeted by tyrosine at the BBB, like we 
suggest with this model for phenylalanine. 
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Conclusion
The pathophysiological mechanisms of neuropsychological impairment in 
TT1 are not fully understood and need further investigation. This theoretical 
experiment suggests a role for disturbed brain LNAA transport. While plasma 
tyrosine concentrations and presumptive brain tyrosine influx were similarly 
markedly elevated in TT1 patients, presumptive brain phenylalanine influx 
was much more affected than could be expected only based on its plasma 
values. To improve presumptive brain phenylalanine influx in TT1 patients, 
additional plasma phenylalanine supplementation has shown to be effective, 
but it seems that plasma phenylalanine concentrations need to be increased 
even further than was previously suggested. 
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Abstract
Tyrosinemia type 1 (TT1) is a rare metabolic disease caused by a defect in 
the tyrosine degradation pathway. Neurocognitive deficiencies have been 
described in TT1 patients, that have, among others, been related to changes in 
plasma large neutral amino acids (LNAA) that could result in changes in brain 
LNAA and neurotransmitter concentrations. Therefore, this project aimed to 
investigate plasma and brain LNAA, brain neurotransmitter concentrations 
and behaviour in C57Bl/6 fumarylacetoacetate hydrolase deficient (FAH-/-) 
mice treated with  2-(2-nitro-4-trifluoromethylbenoyl)-1,3-cyclohexanedione 
(NTBC) and/or diet and wild-type mice. Plasma and brain tyrosine 
concentrations were clearly increased in all NTBC treated animals, even with 
diet (p<0.001). Plasma and brain phenylalanine concentrations tended to be 
lower in all FAH-/- mice. Other brain LNAA, were often slightly lower in NTBC 
treated FAH-/- mice. Brain neurotransmitter concentrations were usually 
within normal range, although serotonin was negatively correlated with brain 
tyrosine concentrations (p<0.001). No clear behavioural differences between 
the different groups of mice could be found. To conclude, this is the first study 
measuring plasma and brain biochemistry in FAH-/- mice. Clear changes in 
plasma and brain LNAA have been shown. Further research should be done to 
relate the biochemical changes to neurocognitive impairments in TT1 patients.



Introduction
Tyrosinemia Type 1 (TT1; McKusick 27670) is an inborn error of tyrosine 
metabolism caused by a deficiency of the enzyme fumarylacetoacetate 
hydrolase (FAH). Due to this deficiency, toxic products such as 
fumarylacetoacetate, maleylacetoacetate, succinylacetoacetate and 
succinylacetone (SA) accumulate proximal to the enzymatic defect, mainly 
causing acute liver failure, development of hepatocellular carcinoma at a 
young age, renal tubulopathy and/or porphyria like syndrome. However, the 
outcome improved tremendously when 2-(2-nitro-4-trifluoromethylbenoyl)-
1,3-cyclohexanedione (NTBC) was introduced as a new treatment option in 
1992. The herbicide NTBC inhibits the enzyme 4-hydroxyphenylpyruvate 
dioxygenase (4HPPD), an enzyme proximal to the primary enzymatic defect. 
Thus, NTBC prevents the formation of the toxic products mentioned before, 
but leads to increased tyrosine concentrations, making dietary restriction of 
tyrosine and its precursor phenylalanine again necessary1-3. 

With this combined treatment, most clinical problems could be prevented in 
TT1 patients. However, the last few years, neurocognitive and behavioural 
problems were reported in these patients4. So far, the pathophysiological 
mechanisms underlying these neurocognitive and behavioural problems in 
TT1 patients are not fully understood, although biochemical differences and 
treatment with the herbicide NTBC potentially play a central role. The nine 
large neutral amino acids (LNAA), including tyrosine and phenylalanine, are 
transported across the blood-brain barrier in a competitive way5. In this way, 
the high blood tyrosine, and low blood phenylalanine concentrations that 
are often found, could lead to changes in brain LNAA concentrations and 
consequently to changes of monoaminergic neurotransmitters synthesis6,7. 
This competitive transport of LNAA has been shown to be important in 
other inborn errors of metabolism such as Phenylketonuria (PKU) and 
Maple Syrup Urine disease (MSUD)8,9. Besides changes in brain LNAA and 
neurotransmitter concentrations, NTBC and toxic metabolites such as SA have 
both been associated with cognitive and behavioural deficiencies as well10-12. 
Brain LNAA and neurotransmitter concentrations are, however, difficult to 
examine in TT1 patients. Therefore, to contribute to a better understanding of 
the pathophysiological mechanisms underlying the cognitive and behavioural 
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problems in TT1 patients, the present project aimed to investigate 1. Blood 
and brain biochemistry in FAH-/- mice, 2. The effect of different doses of 
NTBC and dietary treatment on blood and brain biochemistry and 3. Evaluate 
behavioural differences between different groups of FAH-/- and wild-type 
(WT) mice.

Materials and Methods 

Animals

C57Bl/6 FAH exon 5 knockout mice were kindly provided by dr. Grompe from 
the department of Pediatrics of the Oregon Health and Science University, 
USA and prof. dr. Vogel from the department of Gastroenterology of Medical 
University Hannover, Germany. All mice were originally from the FAH -/- 
strain previously described13.  Both groups of mice were crossbred with each 
other at least two generations before the experiment took place. The FAH -/- 
mice used for this experiment were obtained by homozygous mating. As FAH-
/- mice need NTBC to be administered prenatally, WT C57Bl/6 mice without 
NTBC administration were obtained by a separate breeding to function as 
control group. In addition, WT mice receiving NTBC pre- and postnatal were 
obtained by heterozygous (FAH +/-) mating. All mice were housed in the same 
room and handled by the same person during breeding.  

At three weeks of age, a small piece of the ear was taken to perform genetic 
analyses by PCR to confirm FAH -/- or WT background. In total, 56 FAH 
-/- mice (28 male and 28 female) and 28 WT (14 male and 14 female) were 
included in the study when they were four weeks of age. Mice were housed 
individually in a room controlled for temperature (21±1°C) on a 12 hr light-
dark cycle (7:30 am – 7:30 pm). Cages were equipped with nesting material 
and a paper roll. Food pellets and water (with or without dissolved NTBC) 
were provided ad libitum. This study was carried out in strict accordance 
with the recommendations in the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. The protocol was approved by the 
Institutional Animal Care and Use Committee of the University of Groningen.
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Experimental design

At four weeks of age, mice were weaned and assigned to one of the following 
six experimental groups: 1. FAH -/- mice treated with 8mg/L NTBC; 2. FAH 
-/- mice treated with 32mg/L NTBC; 3. FAH -/- mice treated with 8mg/L 
NTBC and diet; 4. FAH -/- mice treated with 32mg/L NTBC and diet; 5. WT 
mice receiving 8mg/L NTBC without diet; 6. Untreated WT mice receiving 
water with neither NTBC nor diet. 

Body weight and food intake were measured daily during the first week of the 
experiment and weekly afterwards. New NTBC water was provided at least 
once a week. All mice were handled for two minutes for five consecutive days 
before the start of the behavioural paradigm at 12 weeks of age. The following 
behavioural tests were performed in chronological order: 1. open field (OF) 
to assess exploration and anxiety-like behaviour, 2. novel object recognition 
(NOR) to evaluate learning and memory, 3. elevated plus maze (EPM) as a 
second measure of anxiety and 4. forced swim test (FST) to assess depressive-
like behaviour. All mice started with the OF and NOR, followed by the EPM 
and FST seven and eight days later respectively. All behavioural tests were 
executed as described by Bruinenberg et al. 201614. At 15 weeks of age, 11 days 
after the last behavioural experiment, mice were euthanized by combined heart 
puncture and decapitation under inhalation-anaesthetics with isoflurane 1-3 
hours after the beginning of the light phase and blood and brain tissue was 
collected for further analyses.  

NTBC 

NTBC was provided by Yecuris Inc. A stock solution with a concentration of 
2 mg/ml was made and stored refrigerated and protected from light up to 
two months. To make drinking water, a small amount of the stock solution 
was added to autoclaved water to reach the appropriate concentration. This 
solution was refrigerated, light protected and stored maximally a week before 
new drinking water was made. All pregnant FAH -/- dams were treated with 
16 mg/L NTBC through the drinking water. In this way, all FAH -/- pups and 
WT pups that need to receive NTBC during the experiment, received NTBC 
through the mother pre- and postnatal, up to weaning age. After weaning, all 
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mice received autoclaved water with or without NTBC depending on in which 
experimental group they were. 

Experimental diets

The basic diet for all mice was AIN-93M which was administered in unadjusted 
form to the FAH-/- and WT control groups treated without diet. The dietary 
treated mice received a diet that was composed in such a way to achieve a 
reduction of 75% in tyrosine and 50% in phenylalanine. It was produced by 
a 75% reduction in casein and supplemented by the essential amino acid 
mixture with the same composition as being used in TT1 patients (without 
phenylalanine and tyrosine), using a conversion factor of 35% for single 
amino acids at the expense of cornstarch. Extra phenylalanine was added to 
the diet to reach a reduction of 50% compared to the control diet. The amino 
acid supplement was kindly provided by Nutricia and diets were prepared by 
Research Diet Services B.V. (Wijk Bij Duurstede, The Netherlands).

Biochemical analyses

Blood was obtained for biochemical analyses by heart puncture. Two small 
drops of the collected blood were transferred to bloodspot cards, the remaining 
blood was collected in heparin tubes. Blood was centrifuged at 1800g for 
10 minutes and plasma was collected and stored at -80°C until analysis. 
Bloodspot cards were dried for 24 hours, at room temperature while protected 
from light. Afterwards, all bloodspot cards were stored at -80°C until further 
analyses. 

The cerebrum was snap frozen in liquid nitrogen and stored at -80°C until 
further preparation. Frozen cerebrum was first crushed in liquid nitrogen and 
brain tissue was divided into aliquots. Frozen brain powder for amino acid 
measurements was processed to 20% (weight: volume (w:v)) homogenates 
in phosphate-buffered saline (pH 7.4), and for tryptophan, indole and 
catecholamine measurements to 2% (w:v) homogenates in acetic acid (0.08 
M). Brain homogenates were sonicated on ice at 10W. Next, samples were 
centrifuged at 12.800rpm for 10 min (4°C), and the supernatant/internatant 
was put on ice to be used for further analyses. Plasma and brain amino acid 

Pathophysiological mechanisms of neuropsychological problems   |   149   

4



analyses and analyses of monoaminergic neurotransmitters were thereafter 
done as described by van Vliet et al. 20159. Bloodspot NTBC and SA 
concentrations were determined with LC-MS/MS as described by Kienstra et 
al. 201815. SA concentrations were divided in quantitatively detectable (≥0.3 
µmol/L) and non-quantitatively detectable (<0.3µmol/L).

Behavioural analyses

The OF test was analyzed by using Ethovision, measuring the total distance 
moved (“exploration”) and the time the animal spent in more sheltered zones 
(“anxiety”). The explorative behavior during the NOR was analyzed using 
ELINE (an in house developed scoring system). The NOR discrimination 
index was calculated using the time exploring the new object divided by the 
total explorative time multiplied by 100. The EPM was divided into three 
different zones: center, open arm and closed arm. The number of entries and 
time spent in each zone was calculated manually using ELINE. Afterwards, 
a percentage score of the time spent in the different arms was calculated. 
Regarding the FST, floating time, expressed as an immobile state with only 
small movements to keep balance, was recorded with ELINE and a percentage 
score was calculated afterwards. 

Statistics

Statistical analyses were performed using IBM SPSS Statistics for Windows, 
version 23.0. All the tests were performed 2-sided and α<0.05 was considered 
significant. Data were expressed as means ± SDs unless otherwise indicated. 
In case of a non-normal distribution, log-transformed data was used. 
Differences in body weight at the start of the experiment were analysed using 
Welch’s ANOVA. The effect of dietary treatment on body weight during the 
experiment was analysed by repeated-measures ANOVA with Tukey’s post 
hoc analysis, with one between-subject factor (treatment group, 6 levels), one 
within-subjects factor (time, 12 levels). Plasma and brain biochemistry were 
analysed using Welch ANOVA with Games-Howell post hoc tests. In addition, 
presumed brain influx of each single LNAA was calculated based on LNAA 
plasma concentrations using the LAT-1 transport characteristics previously 
described by Smith and by Strauss et al.16,17. The presumed brain LNAA influx 
and plasma LNAA concentrations were correlated to the measured brain 
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LNAA concentrations using linear regression analyses. Results on behaviour 
were compared between the different groups using Two-way ANOVA analyses 
with treatment group and gender as factors or with separate analyses with 
Welch statistic in case of unequal variances.

Results

General Health and dietary intake

Out of all 84 mice, 1 mouse (WT mouse receiving NTBC) showed excessive 
grooming and 1 mouse (FAH-/- receiving 32mg/L NTBC without diet) showed 
signs of malocclusion at the end of the experiment. Both were excluded from 
analyses. All other mice were healthy based on general behaviour and weight 
gain. Weight at the start of the experiment did not significantly differ between 
the different experimental groups (p=0.490). In addition, body weight curves 
during the experiment did not significantly differ between the different groups 
of mice as well (p=0.702). The experimental diet and normal AIM-93 diet were 
well tolerated by the mice and the total food intake during the experiment did 
not differ between the different group of mice (p=0.513).

Figure 1. Plasma (A) and brain (B) phenylalanine, tyrosine and tryptophan concentrations. 
Untransformed data are expressed as boxplots (min-max whiskers). Numbers of mice are 
n=13 or n=14 for all treatment groups. For each LNAA, significant differences between the 
different groups of mice and WT mice without NTBC are shown only, whereas other significant 
differences are explained in the main text. *p<0.05, **p<0.01 and ***p<0.001 (two-sided).
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Plasma biochemistry

Figure 1A shows plasma phenylalanine, tyrosine and tryptophan concentrations 
in WT and FAH-/- mice treated with different doses of NTBC with or 
without diet. FAH -/- mice treated with 8 mg/L NTBC showed lower plasma 
phenylalanine (p=0.025), higher tyrosine (p<0.001), and lower tryptophan 
concentrations (p=0.043), when compared to untreated WT mice. In FAH-
/- mice treated with 32mg/L NTBC, plasma phenylalanine were significantly 
higher than in FAH-/- mice treated with 8mg/L NTBC (p=0.019) and not 
significantly different from concentrations seen in WT mice (p=0.986). Also, 
plasma tyrosine concentrations were higher in FAH-/- mice treated with 
32mg/L NTBC than in mice treated with 8mg/L NTBC (p=0.004), while 
plasma tryptophan were not different (p=1.000). Comparisons between 
FAH-/- mice treated with 8mg/L or 32mg/L NTBC to the mice receiving 
the same amount of NTBC and diet, revealed lower plasma phenylalanine 
concentrations in both groups of FAH-/- mice treated with diet (p<0.05) and 
lower plasma tyrosine concentrations (p<0.001), while plasma tryptophan 
concentrations were not different. When WT mice treated with NTBC were 
compared to untreated WT mice, plasma tyrosine concentrations were higher 
(p<0.001), while plasma phenylalanine and tryptophan were not different. All 
other plasma LNAA concentrations and significant differences between the 
different groups of mice are shown in Figure 2. 

Blood NTBC concentrations were significantly lower in all groups of mice 
treated with 8mg/L NTBC when compared to all groups of mice treated 
with 32mg/L NTBC (p<0.001). SA was quantitatively detectable in 12 out of 
14 (86%) FAH -/- mice treated with 8mg/L alone, while in all other groups 
of FAH-/- mice, SA was only quantitatively detectable in 3 or 4 mice per 
experimental group (consisting of 13-14 mice (21-29%)).

Brain biochemistry

Figure 1B shows brain phenylalanine, tyrosine and tryptophan concentrations 
in WT and FAH -/- mice treated by different doses of NTBC with or without 
diet.
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Figure 2. Plasma concentrations of the non-phenylalanine, tyrosine and tryptophan LNAA. 
Untransformed data are expressed as boxplots (min-max whiskers). Numbers of mice are n=13 
or n=14 for all treatment groups.  *p<0.05, **p<0.01 and ***p<0.001 (two-sided).

Compared to untreated WT mice, FAH -/- mice treated with 8 mg/L NTBC 
showed lower brain phenylalanine (p<0.001) and higher tyrosine (p<0.001) 
concentrations, while brain tryptophan concentrations were not different. In 
FAH -/- mice treated with 32 mg/L NTBC, brain phenylalanine concentrations 
were higher than in FAH mice treated with 8mg/L NTBC (p=0.001), although 
brain phenylalanine concentrations still tended to be lower than in untreated 
WT mice (p=0.057). Also, brain tyrosine concentrations were higher in FAH 
mice treated with 32mg/L NTBC than in mice treated with 8mg/L NTBC 
(p=0.035), while tryptophan concentrations were not statistically different. 
Comparisons between FAH-/- mice treated with 8mg/L or 32mg/L NTBC 
to the mice receiving the same amount of NTBC and diet, revealed that 
brain phenylalanine concentrations were within the same range, while 
brain tyrosine concentrations were lower (p<0.001) and brain tryptophan 
concentrations were not different. In both groups of dietary treated FAH-/- 
mice, brain phenylalanine concentrations were lower than concentrations 
found in untreated WT mice (p<0.01), while brain tyrosine concentrations 
were still significantly higher (p<0.001). When WT mice treated with NTBC 
were compared to untreated WT mice, brain phenylalanine and tryptophan 
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were not different, while tyrosine concentrations were substantially higher 
(p<0.001). Figure 3 shows all other brain LNAA concentrations. In general, 
brain LNAA concentrations tended to be lower in FAH -/- mice treated with 
NTBC alone when compared to WT mice, especially with regard to brain 
valine, isoleucine and threonine concentrations. Except for brain histidine and 
threonine concentrations, brain LNAA concentrations were not significantly 
different between dietary treated FAH-/- mice and WT mice.

Figure 4 shows brain neurotransmitter concentrations in WT and FAH 
-/- mice treated by different doses of NTBC with or without diet. FAH -/- 
mice treated with 32mg/L NTBC had significantly lower brain serotonin 
concentrations when compared to all other group of mice (p<0.05) and 
significantly lower brain 5-hydroxyindoleacetic acid (5-HIAA) concentrations 
when compared to untreated WT mice (p=0.019). FAH-/- mice treated 
with 32mg/L NTBC and diet had lower brain 5-HIAA concentrations when 
compared to untreated WT mice (p=0.015). Brain dopamine concentrations 
were significantly lower in FAH-/- mice treated with 32mg/L when compared 
to untreated WT mice (p=0.018). No significant difference in serotonin and 
dopamine concentrations between the other groups of mice could be found. In 
addition to this, norepinephrine and normetanephrine concentrations were 
not significantly different between the different groups of mice.

Figure 3. Brain concentrations of the non-phenylalanine, tyrosine and tryptophan LNAA. 
Untransformed data are expressed as boxplots (min-max whiskers). Numbers of mice are n=13 
or n=14 for all treatment groups.  *p<0.05, **p<0.01 and ***p<0.001 (two-sided).
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Figure 4. Concentrations of brain neurotransmitters and its metabolites. Numbers of mice are 
n=13 or n=14 for all treatment groups. Untransformed data are expressed as boxplots (min-
max whiskers).  *p<0.05, **p<0.01 and ***p<0.001 (two-sided).

Association between different biochemical parameters

All individual brain LNAA concentrations were positively associated with its 
plasma concentration (median: p<0.001, F=22.0; range: p<0.001- p=0.001; 
F=838.7 – 11.4) and most of the non-tyrosine brain LNAA (except methionine 
and histidine) were negatively associated with plasma tyrosine concentrations 
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(median: p=0.006, F=9.6.; range: p<0.001 – p=0.677; F=47.4 – 0.2). In 
addition to this, all brain LNAA concentrations were positively associated with 
the calculated presumed brain influx. Most brain LNAA (except methionine 
and histidine) were most strongly associated with the presumed brain influx 
(median: p<0.001, F=38.4; range: p<0.001 - p=0.002; F=1010.0 – 10.1) and 
not to its own plasma or plasma tyrosine concentrations (Supplementary 
material, Figure S1).

Brain tryptophan concentrations were not significantly associated to 
brain serotonin concentrations (p=0.559; F=0.344). Brain tyrosine 
concentrations were significantly negatively associated with brain dopamine 
(p=0.016; F=5.702), brain norepinephrine (p=0.007; F=7.563) and brain 
normetanephrine (p=0.048; F=4.053) and negatively associated with brain 
serotonin concentrations (p<0.001; F=18.962).

Behavioral tests

Figure 5 shows results on the different behavioral tests in WT and FAH -/- 
mice treated by different doses of NTBC with or without diet. The total distance 
moved during the OF test did not significantly differ between the different 
groups of mice (p=0.201). The time spent in the center zone and corners of 
the field did not differ between the different group of mice (p=0.423 and 
p=0.496 respectively), although females were more anxious and spent more 
time in the corners and less in the center of the OF when compared to male 
mice (p=0.004 and p=0.007). In the NOR, the mean discrimination index 
was above 50% in all groups of mice and did not significantly differ between 
the different groups of mice (p=0.931). In the EPM, females had significantly 
less total entries (p=0.002) and in accordance with results on the OF test, 
females spent less time in the open arms compared to males (p=0.018), but 
no significant differences between the different treatment groups were found. 
The percentage of time spent floating during the FST was significantly higher 
in untreated WT mice compared FAH-/- mice treated with 32mg/L NTBC 
(p=0.034).
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Figure 5. Behavioral outcomes on the open field (OF), novel object recognition (NOR), elevated 
plus maze (EPM) and forced swim test (FST) comparing the different treatment groups. 
Although all mice underwent behavioral testing, the number of mice vary between n=10 and 
n=14 for all treatment groups in the different tests. Untransformed data are expressed as 
boxplots (min-max whiskers).  *p<0.05, **p<0.01 and ***p<0.001 (two-sided).
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Discussion
This is the first study investigating (1) plasma and brain biochemistry in 
NTBC treated FAH-/- mice, (2) evaluate the effect of different doses of NTBC 
and dietary treatment on plasma and brain biochemistry and (3) assess the 
behavioral outcome of mice following the different treatment regimes. The 
main findings of this study are sixfold. Firstly, NTBC treated FAH-/- mice 
show high plasma tyrosine and low plasma phenylalanine concentrations. 
Secondly, these changes in plasma LNAA concentrations led to high brain 
tyrosine concentrations while lower brain concentrations of some other LNAA 
could be found. Brain LNAA concentrations did not only depend on its own 
plasma concentration, but most of all on competitive exchange of LNAA at the 
blood brain barrier. Thirdly, neurotransmitter concentrations in FAH-/- were 
mostly normal, although especially serotonin concentrations were negatively 
correlated with brain tyrosine concentrations. Fourthly, a phenylalanine-
tyrosine restricted diet could lower plasma and brain tyrosine concentrations 
and normalize most brain LNAA and neurotransmitter concentrations. 
Fifthly, quantitatively detectable blood SA concentrations could not only be 
prevented by increasing the dose of NTBC but also by dietary restriction of 
phenylalanine and tyrosine.  And lastly, despite clear cognitive deficiencies in 
TT1 patients, no clear behavioral problems were found in these FAH-/- mice 
on NTBC with or without diet. 

Treatment with NTBC clearly increased plasma tyrosine concentrations in all 
mice, while phenylalanine concentrations tended to decrease. This lowering 
effect of NTBC on plasma phenylalanine concentrations has been found in 
other studies as well, although the pathophysiological mechanism is not clear 
yet18. Dietary restriction lowered plasma tyrosine concentrations, without 
completely normalizing it, while plasma phenylalanine concentrations 
tended to decrease even further. This is in accordance with plasma tyrosine 
and phenylalanine concentrations in TT1 patients, although phenylalanine 
concentrations in this study were not as low as has been described in TT1 
infants in which they were causing growth and developmental problems in 
infancy19. In contrast to the amino acid mixtures used in TT1 patients, some 
phenylalanine was added to the diet of the mice to prevent growth problems 
caused by extremely low phenylalanine concentrations. In this way, these 
extremely low phenylalanine concentrations could be prevented in the 
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dietary treated FAH-/- mice. However, as a consequence, possible behavioral 
problems caused by low phenylalanine concentrations were difficult to 
examine. Some other plasma LNAA tended to be decreased in FAH-/- animals 
especially when treated with NTBC only. This could possibly be attributed to 
competition by tyrosine at the gut-blood barrier in a similar way as has been 
seen with phenylalanine in PKU mice20.   

In TT1 patients, brain LNAA and neurotransmitters concentrations have been 
estimated based on cerebral spinal fluid (CSF) measurements6 or theoretical 
calculations7. In agreement with these estimations, this study clearly shows that 
high plasma tyrosine concentrations led to high brain tyrosine concentrations. 
Dietary treatment clearly reduces the brain tyrosine concentrations, although 
normal concentrations are never reached. This could be of importance as 
high brain tyrosine concentrations have been considered neurotoxic, causing 
oxidative stress, deoxyribonucleic acid damage and changes in mitochondrial 
energy metabolism in several rat brain regions21-23. However, the high brain 
tyrosine concentrations did not induce behavioral problems in these FAH-/- 
and WT mice. 

In addition to high brain tyrosine concentrations, the competitive effect of 
high plasma tyrosine concentrations at the blood-brain barrier in combination 
with the slightly decreased plasma concentrations of the other non-tyrosine 
LNAA led to low non-tyrosine brain LNAA concentrations. This was especially 
true for brain phenylalanine, valine and isoleucine concentrations, where 
FAH -/- mice treated with NTBC alone showed the lowest concentrations. 
Dietary treatment normalized all brain LNAA concentrations, except for brain 
phenylalanine concentrations which were clearly decreased. Important to 
notice is that despite the increased brain tyrosine concentrations, most non-
tyrosine brain LNAA concentrations were usually only moderately affected in 
the different groups of FAH-/- mice, especially when compared to the clearly 
decreased brain LNAA in PKU and MSUD mice8,9. This could be explained 
by the kinetics of the LAT-1 transporter, as tyrosine has a lower affinity for 
the LAT-1 transporter than phenylalanine and leucine. Changes in tyrosine 
concentrations are therefore less detrimental for brain LNAA concentrations 
than changes in phenylalanine or leucine concentrations16,24. Still, the 
importance of the competitive effect of the blood brain barrier in determining 
the brain LNAA concentrations is shown as all brain LNAA were most of all 
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correlated with the calculated theoretical brain influx and not solely with its 
own plasma concentrations. 

As tyrosine is the precursor for the catecholaminergic neurotransmitters 
dopamine and  norepinephrine, high brain tyrosine concentrations were 
thought to change neurotransmitter concentrations and/or concentrations 
of its metabolites4. However, despite high brain tyrosine concentrations, 
catecholaminergic neurotransmitter concentrations are normal (or even 
slightly lower) in FAH-/- mice. This could be explained as the activity 
of tyrosine hydroxylase, the rate limiting enzyme for catecholaminergic 
neurotransmitter synthesis, is tightly regulated, among others by substrate 
and product inhibition allowing dopamine concentrations to stay within 
range25-28. Regarding indolamines, although brain tryptophan concentrations 
did not differ between the different groups of mice, serotonin and 5-HIAA were 
reduced in some of the FAH-/- mice and turned out to be negatively correlated 
with brain tyrosine concentrations. At least in one study, brain tyrosine (and 
dopamine) has been shown not only to inhibit tyrosine hydroxylase but 
tryptophan hydroxylase, the rate limiting enzyme in serotonin synthesis, as 
well29. In this way, FAH-/- mice could be prone to develop a serotonin deficiency 
when experiencing high brain tyrosine concentrations. Thimm et al. showed 
similar results in CSF of TT1 patients, measuring normal concentrations of 
dopamine metabolite homovanillic acid and low concentrations of 5-HIAA 
suggesting a serotonin deficiency in TT1 patients6.

As described earlier, FAH-/- mice need a higher daily dose of NTBC 
than patients to prevent increased SA concentrations30. The general 
recommendation is to treat patients with 1 (to 2) mg/kg/day NTBC1,2, which 
would be comparable to the amount received when mice drink 8mg/L NTBC 
drinking water. In this study, quantitatively detectable SA concentrations were 
often found with this dose of NTBC, which is in accordance to earlier studies 
and could most likely be attributed to the higher metabolic rate, differences 
in biological bioavailability, or other differences in the tyrosine catabolic 
pathway in mice when compared to humans30. However, this study also shows 
that quantitatively detectable SA concentrations in the FAH-/- mice could not 
only be prevented by increasing the NTBC dose, but also by reducing the flux 
through the phenylalanine-tyrosine catabolic pathway by a phenylalanine and 
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tyrosine restricted diet. These findings highlight the competitive inhibition of 
4HPPD by NTBC. Taken all species differences into account, this finding could 
stress the importance of close monitoring of the adequacy of NTBC treatment 
in TT1 patients, especially when adherence to the diet is non-optimal.

Although NTBC treated TT1 patients show various cognitive problems10,31-35, 
these FAH-/- mice show no clear behavioral deficits despite the biochemical 
differences between the different groups of mice. With the different 
experimental groups, we tried to reveal behavioral deficits possibly caused 
by 1. the disease itself and associated metabolites that are at least known to 
be hepatotoxic, 2. high brain tyrosine concentrations that are possibly toxic 
or outcompete the brain uptake of other LNAA, 3. low plasma and brain 
phenylalanine concentrations and 4. NTBC (mice treated with high dose 
NTBC). As FAH-/- mice require prenatal NTBC administration, untreated WT 
mice had to be obtained by a separate breeding instead of using littermates. 
However, to prevent behavioral changes, all mice were housed in the same 
room and handled by the same person. Previous research, conducted with a 
different strain of mice, showed that FAH-/- mice had social problems that 
were associated with the disease itself and not with its treatment12. Although 
these mice showed a slower learning curve, their memory retention was 
unaffected11. This is in agreement with our study showing that explorative 
behavior, anxiety and memory retention were unaffected in FAH-/- mice 
treated with NTBC and diet.

Conclusions
To conclude, increased plasma tyrosine concentrations in FAH-/- mice lead to 
high brain tyrosine concentrations. The phenylalanine and tyrosine restricted 
diet seems to be important not only to lower plasma and resulting brain 
tyrosine concentrations, but also to prevent small changes in brain LNAA and 
serotonin concentrations and maybe even to prevent possible detectable SA in 
blood. Further research in FAH-/- mice should study if a stricter diet would 
induce possible side effects such as deficiencies in phenylalanine that could 
not be observed in the present study, and may result in the neurocognitive 
profile as seen in patients10,19.
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Supplementary Material 1 

Supplementary figure. Correlations between several brain LNAA and its own plasma 
concentration, plasma tyrosine concentration and the calculated presumed brain influx. 
The different graphs show that most of the variance (displayed as R2) is explained when the 
presumed brain influx is correlated to the brain LNAA concentration.
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